The effect of trace Al, V, Sn and Si addition on the grain refinement, hardness, and lattice strain was discussed. From the results of variation in the average grain size, it was found that the growth restriction factor of individual additions is Si > Al > Sn > V in order of their magnitude. The c=a ratio of other Ti alloys except for the Ti-Si alloy were the same value of 1.587 as pure Ti, whereas that of the Ti-Si alloy was 1.581, the lattice strain of which affected the hardness increase. It was then suggested that Si addition to pure Ti plays an important role in the hardness increase, which can be explained by the lattice strain caused by c=a ratio reduction, the decrease in the grain size of Ti-Si alloy, and the formation of Ti silicide at higher Si content.
Introduction
Grain refinement in improvement of Ti properties has many benefits with increasing both the strength and ductility. [1] [2] [3] It is accepted that refining grain size, increasing dislocation density and including hardening precipitates in materials are generally recommended to increase the strength and hardness of given materials. 4, 5) Bermingham et al. 6) reported a list of growth restriction factors for various elements in Ti which was calculated from the phase-diagram. Growth restriction factors of individual elements for grain refinement are given in Table 1 . As shown in the Table 1 , it was reported that Si, O and B have great growth restriction factor, whereas those of Al, V and Sn are nearly zero. Oxygen in Ti has a great grain growth restriction factor. However, it is very difficult to reduce or control oxygen in Ti by trace element addition. Boron also has the largest growth restriction factor, but its practical use may be limited by the reduction of tensile elongation due to the precipitation of Ti borides. 7) As calculated in the Table 1 , silicon is a great candidate, several researches have reported 6, 8) that the effects of Si on the mechanical properties and grain refinement of Ti alloys. However a lattice strain via trace element addition has not been reported so far. Furthermore, few researches on the influence of neutral elements addition such as Al, V and Sn have been released. There was only a previous research considering Al as a grain refiner for Ti alloys, 9) which resulted in the small decrease in the grain size at Ti-3Al and Ti-6Al. Therefore, we investigated the effect of trace Al, V, Sn and Si addition on the structural and mechanical properties of Ti and discussed the relation between the grain refinement, hardness, and lattice strain caused by trace element addition in Ti.
Experimental Procedure
Ti alloys were fabricated from commercial purity (CP) grade 1 Ti (Fe: 0.041, C: 0.004, H: 0.001, O: 0.132, N: 0.003 mass%) by adding Al, V, Sn and Si with concentration of 0.5, 1.0, 1.5, 2.0 mass%. A laboratory-scale 20 KW vacuum arc melting furnace was used for the experiments. A tungsten rod was used as an arc electrode, where the tungsten rod serves as a cathode and the materials to be melted as an anode in the Ar atmosphere. Pure Ti and element addition (30 g) were placed on the Cu mold of 55 mm in diameter and 20 mm in depth. The chamber was evacuated to 0.67 Pa, and high purity Ar gas was introduced until the pressure reached 7:6 Â 10 4 Pa prior to melting. The respective arc power and current are 10 KW and 300 A. The specimens after first melting were re-melted 4 times after turning upside down for homogenization.
For grain size measurement, the Ti alloy specimens were cut longitudinally down the center and polished using SiC paper and micro cloth. After polishing, the samples were etched with a solution consisting of 100 ml H 2 O: 2.5 ml HF: 5 ml HNO 3 . Grain size measurements were examined using optical method with micro image analyzer (ImageInside, FOCUS. Co., Ltd). And Vickers hardness was tested with 300 g load using the Akashi (MVK-E) hardness tester. The 
, where m 1 is the slope of the liquidus, c 0 is the solute concentration in binary alloy and k is the partition coefficient.
average value except for both maximum and minimum values among 10 measurements of Vickers hardness was selected. Oxygen analysis was performed by an inert gas fusion infrared absorption method using O-N analyzer (LECO TC-436). For the structural change, all the Ti alloy specimens were investigated by X-ray diffraction (XRD, Rigaku RTP 300 RC).
Results and Discussion
Mechanical properties of CP Ti depend to a great extent on the level of interstitial elements such as oxygen present in Ti. 10) Oxygen in Ti is considered as a great grain growth restriction factor as shown in the Table 1 . We investigated the change of oxygen concentration in the Ti when trace Al, V, Sn and Si elements were added before analyzing the effect of these elements addition. The CP Ti has the oxygen concentration of 1325 ppm, whereas the oxygen concentration of all the Ti alloys ranged from 1225 to 1260 ppm. The maximum oxygen reduction after the Ti alloying showed approximately 100 ppm through the range of addition concentration, which is considered that this value was the reduction of the oxide layer on the surface of the CP Ti before melting. From the above results, the effect of individual additions to the CP Ti excluding the effect of oxygen could be investigated because the oxygen concentrations at the composition of all the Ti alloys showed the similar level of approximate 1250 ppm. Figure 1 shows the average grain sizes of Ti prepared by adding Al, V, Sn and Si as a function of weight percent and Fig. 2 shows the typical microstructures of corresponding Ti samples. As shown in Figs. 1 and 2 , all additions to CP Ti have an effect on the grain-refinement during Ti sample solidification. When 0.5 mass% of the element was added to the CP Ti, the average grain size of the Ti alloys considerable decreased, and then the average grain size gradually decreased as the content of the element addition increased until 2.0 mass%. It should be noted that although the calculated parameters of the growth restriction factors for Al, V and Sn were nearly zero, the additions of these elements, especially for Al resulted in the considerable reduction in the grain size of the Ti alloys. Bermingham et al. 9) also confirmed a small reduction in grain size after adding Al and V elements from the experimental result although their restriction factors are zero, which were calculated from binary phase diagram with limited factors. They explained that the reduction in grain size with increasing concentration of addition such as Al, V was due to a solute/nucleant-based mechanism resulting in an increase in the grain density (decrease in grain size). In the present study, we newly confirmed that Sn as well as Al and V are have more distinct effect on the grain refinement of Ti compared to the small reduction in grain size reported by Bermingham et al. As a result, it was established that the growth restriction factor of individual addition is Si > Al > Sn > V in order of their magnitude.
To investigate the structural change of the Ti alloys by adding trace elements, X-ray diffraction was carried out and the results were shown in Fig. 3 . The other Ti-alloys except for the Ti-Si alloy showed no shift of all the peaks observed by XRD even with an increase in the addition content of alloying. On the other hand, all the peaks of the Ti-Si alloy shifted to higher angle with the maximum of 0.55 as the concentration of Si addition increased. The atomic radius of pure Ti is 0.147 nm and the difference between those of Al, V and Sn compared to that of Ti is below 10%. However, the atomic radius of Si is 0.117 nm, the value of which is 20% smaller than the atomic radius of Ti. Smaller atoms of Si are substituted for the atoms of Ti at the lattice point of hcp structure, and the small atoms cause a lattice strain. As the content of Si addition substituted for the Ti lattice increases, the interplanar spacing in the lattice structure reduced due to the smaller Si atom than that of Ti. The reduced interplanar spacing affects the lattice parameter, which results in the reduction of the c=a ratio of Ti hcp structure. 10) Table 2 shows the lattice parameters and c=a ratio of the pure Ti and the modified Ti alloys. The c=a ratio of the pure Ti and the other Ti alloys except for Ti-Si alloy are approximately 1.587, whereas the c=a ratio of the Ti-Si alloy ranged from 1.581-1.584. Generally, it is known that the c=a ratio of pure Ti changes with the content of the interstitial/substitutional element such as oxygen and Si, which leads to the hardness increase by the restriction of slip planes at hcp structure. 11) Therefore, we measured the Vickers hardness of the Ti alloyed by Al, V, Sn, Si additions, and the Vickers hardness of the Ti alloys as a function of weight percent is shown in Fig. 4 . The hardness value of the CP Ti was 182 H v . As the content of Al, V and Sn additions increased the hardness value of the Ti m alloys gradually increased. These results of the hardness increase are in great agreement with the change of the average grain size of individual Ti alloys. However, although the average grain size of the Ti-Si alloy rapidly dropped, and then gradually decreased, the hardness value of the Ti-Si alloy continuously increased with the content of the Si addition.
Firstly, when the trace content of Si is added to the pure Ti, the grain size considerable decreased, which resulted in the hardness increase of the Ti-Si alloy. This is because the motion of dislocations is limited by the restriction of cross slip system caused by the reduction of stacking fault energy at Ti-Si alloy.
11) The relation between the decrease of grain size and the reduction of stacking fault energy was reported by several works. 12, 13) The continuous increase of the hardness in spite of the gradual decrease of the average grain size can be explained by the restriction of slip planes at hcp structure caused by the lattice strain due to the decrease of c=a ratio of the Ti-Si alloy. In addition, it was also reported that when Si is added to pure Ti, Ti silicide is formed at the grain boundaries and/or within the grains, which induces to improve the hardness of Ti-Si alloy due to the precipitation of silicides. 8) In the present study, a formation of Ti silicide(TiSi 2 ) was also observed in the Ti-Si specimens when the Si content is 1.5-2.0 mass%. X-ray diffraction patterns of Ti-Si specimens are shown in Fig. 5 . Therefore, it was suggested that Si addition plays an important role in the hardness increase, which can be explained by the formation of Ti silicide at higher Si content as well as the lattice strain caused by c=a ratio reduction and the decrease in the grain size of Ti-Si alloy. 
Conclusions
The effect of trace Al, V, Sn and Si addition on the structural and mechanical properties of Ti was discussed with the grain refinement, hardness, and lattice strain. As a result, it was found that the growth restriction factor of individual additions is Si > Al > Sn > V in order of their magnitude. When the trace element was added to the pure Ti, the c=a ratio of other Ti alloys except for the Ti-Si alloy were the same value of 1.587 as the pure Ti, whereas that of the Ti-Si alloy was decreased down to 1.581, which lead to the hardness increase by the restriction of slip planes at hcp structure. It was also suggested that Si addition to pure Ti is very effective for the hardness increase due to the lattice strain caused by c=a ratio reduction, the decrease in the grain size of Ti-Si alloy and the formation of Ti silicide. 
